Abstract: This study's overarching aim is to establish the areal extent and characteristics of the rapid sugarcane expansion and land use change in Sã o Paulo state (Brazil) as a result of an increase in the demand for ethanol, using Landsat type remotely sensed data. In 2003 flex fuel automobiles started to enter the Brazilian consumer market causing a dramatic expansion of sugarcane areas from 2.57 million ha in 2003 to 4.45 million ha in 2008. Almost all the land use change, for the sugarcane expansion of crop year 2008/09, occurred on pasture and annual crop land, being equally distributed on each. It was also observed that during the 2008 harvest season, the burned sugarcane area was reduced to 50% of the total harvested area in response to a protocol that aims to cease sugarcane straw burning practice by 2014 for mechanized areas. This study indicates that remote sensing images have efficiently evaluated important characteristics of the sugarcane cultivation dynamic providing quantitative results that are relevant to the debate of sustainable ethanol production from sugarcane in Brazil.
Introduction
The search for alternatives to mitigate greenhouse gas emissions has indicated the use of biofuels as a viable option, since they meet sustainability criteria. Brazil has a vast experience using ethanol, produced from sugarcane as an automotive fuel or gasoline additive [1, 2] .
Brazil is the world's largest sugarcane producer, and its production is concentrated in the South-Central states and Northeast regions, mainly in the South-Central region, particularly in the state of Sã o Paulo. Figure 1 illustrates the representation of each region as to sugarcane, ethanol and sugar production for the 2007/08 crop year in addition to presenting a comparison among the six largest sugarcane producers. According to FAO [3] , for the 2007/08 crop year, Brazil produced 45% more than India which is the world's second largest sugarcane producer (Figure 1b) . In Brazil, the state of Sã o Paulo is responsible for about 60% of sugarcane, ethanol and sugar production ( Figure 1c ) [4] . In terms of sugarcane production, this is equivalent to 83% of India's production, and it also represents an output larger than that of the four other major world producers combined (China, Thailand, Pakistan and Mexico). 
Materials and Methods
For a better understanding and presentation of this work we first put forward some of the relevant sugarcane characteristics of interest for remote sensing such as: growth cycle, harvest and expansion of cultivation. Next, we describe the method used to carry out the three specific objectives. The whole procedure took place in the state of Sã o Paulo and was based mainly on the 2008/09 crop year.
For the presentation and discussion of results, the state was divided into 15 Administrative Regions (ADRs) defined by the Cartography and Geographic Institute of Sã o Paulo state (IGC: Instituto Geográ fico e Cartográ fico) for governmental planning purposes. Each ADR is composed of several municipalities within a given geographic region with economic and social similarities (http://www.igc.sp.gov.br/mapasRas.htm).
Sugarcane Characteristics of Interest for Remote Sensing
A key aspect that promotes the use of remote sensing imagery for applications in sugarcane is the fact that it is a semi-perennial crop that reaches its maximal growth in April, followed by a harvest season that extends until December in the South-Central region. Therefore, the long permanence of the crop in the field increases the chance of acquiring cloud free images, which is fundamental for mapping the cultivated areas, monitoring the harvest and evaluating the land use change dynamic.
Growth Cycle
An understanding of the sugarcane (Saccharum spp. L.) growth cycle is important for the correct identification and mapping of the different crop classes in remote sensing images. The sugarcane cycle is semi-perennial and begins with the planting of a stem cutting that grows for about 12 months (year sugarcane) or 18 months (year-and-half sugarcane). After the first harvest, the ratoons are harvested annually for a period of about 5 to 7 years or more. Successive harvests lead to a gradual yield loss until the crop is no longer economically profitable. At this point, the cycle is interrupted, and the area is renovated with the planting of new stem cuttings. Should the ripe sugarcane not be harvested, it will keep on growing to be harvested in the following year.
Harvest
Sugarcane harvesting in the South-Central region of Brazil extends from April to December and is performed in two ways: either manually or mechanically. For manual harvesting, the sugarcane crop is burned prior to cutting the stems in order to eliminate the straw thus making the harvest easier. For mechanical harvesting, burning the straw is unnecessary since the machine cuts off stems and straw leaving the latter scattered on the ground. There is still a third method of harvesting currently used for about 10% of the sugarcane harvested area in Sã o Paulo, which consists of harvesting burned sugarcane fields with less sophisticated machinery. The vast majority of the sugarcane areas in the South-Central region are located on land with slopes ≤ 12%, thereby enabling mechanical harvesting. Interestingly, with mechanical harvesting, the straw residues that remain on the field after the stems are removed look very bright in satellite images, whereas burned areas, where the straw was converted to ashes, appear dark and more similar to bare soil. This aspect is evident even in images acquired several days or even weeks after the harvesting event as Daughtry et al. [19] also observed for wheat.
Expansion of Cultivation
The direct land use change caused by the recent and significant expansion of sugarcane [2] can be evaluated from remote sensing images previously recorded for sugarcane plantations [5] . This evaluation allows locating and quantifying the actual amount of pasture land, food production areas, natural vegetation and reforestation, which were converted to sugarcane plantations, and provides relevant information that would otherwise be difficult to obtain.
Mapping of Sugarcane Cultivated Areas
In the state of Sã o Paulo, the first sugarcane thematic map, within the context of the Canasat Project (www.dsr.inpe.br/canasat), was made for the 2003/04 crop year. This map was obtained by automatic image classification, with a subsequent editing to correct omission and commission errors, using visual/manual interpretation techniques of digital images [18] . The edition was performed by the matrix editing tool of the freeware SPRING software [20] , which allows overlying various levels of information simultaneously and interactively, as well as adjusting or correcting the classification result. From the 2004/05 crop year on, we observed that it was more advantageous to perform an annual update of the thematic map only by visual/manual interpretation, based on color, texture, tone, and shape, since correcting omission and commission errors of the automatic image classification was more time consuming. Therefore, the sugarcane classifications to update the thematic map for the subsequent years, including the 2008/09 crop year, were carried out by visual/manual image interpretation at an approximate scale of 1:50,000 using SPRING software.
Multi-temporal and multi-spectral Landsat images from the Thematic Mapper (TM) sensor on board of the Landsat-5 satellite were acquired from January to April of 2008 (crop year 2008/09) to correctly identify the ripe and renovated sugarcane fields in order to precisely forecast the estimated sugarcane area available for sugar and alcohol production at the beginning of the harvest, in April. As an alternative to cloud covered TM images, we used images from High Resolution Imaging Camera (CCD) on board of China-Brazil Earth Resources Satellite-2 and -2B (CBERS-2 and -2B) [21] . For each orbit/point of the TM sensor, we created a database with the least cloud covered images from the dates of interest. All images were registered using first-degree polynomials and interpolation by nearest neighbor, based on the Landsat-7 orthorectified image mosaic obtained from NASA [22] . All registrations were made with a squared mean error of less than 0.5 pixels.
The visual interpretation of the Landsat type images was made by various trained interpreters and later reviewed by a single and more experienced interpreter. Several field works as well as some maps provided by sugarcane plants were used during the image interpretation training process to ensure that the right target was being mapped. Subsequently, the map underwent reclassification of isolated pixels (<1 ha) which remained after the map review. The reclassification was performed using the method proposed in Berka et al. [23] which consists in an automatic algorithm based on mode filter and several decision criteria to identify and reclassify the isolated pixels.
Identification of the Type of Harvest, Either With or Without Straw Burning
Unlike most crops, sugarcane has an extensive harvest calendar, and its monitoring requires the acquisition of images over the entire harvest period, which begins in April and extends through December. The identification of the type of sugarcane harvesting in remote sensing images is performed based on the visual differences between sugarcane harvested areas either with or without the burning practice. Areas where the harvest was processed by straw burning have dark tones on the images due to the presence of ash and bare soil, while areas where the crop was harvested without straw burning appear bright due to the presence of residue composed mainly of dry leaves. The visual image interpretation was performed in two steps: (i) images were evaluated in chronological order by several interpreters, and identified harvested fields were classified according to the harvest type, with or without burning and; (ii) the classification was reviewed by a single experienced interpreter to ensure interpretation uniformity.
A slope digital map, generated from Shuttle Radar Topography Mission (SRTM) images resampled to 30 m pixel size according to the methodology described by Valeriano et al. [24] , was used to identify sugarcane mechanizable (≤12% slope) and non-mechanizable (>12% slope) areas. The intersection between harvest and slope maps allowed determining the harvest type by slope class which is relevant information for the Agro-environmental Protocol that establishes different deadlines to cease straw burning practice according to terrain slope. Sugarcane fields, in non-mechanizable areas, have a more flexible calendar because eventually they will have to be converted to another land use, unless they are manually harvested, without straw burning, which is not practical.
Mapping of Land Use Prior to the Sugarcane Cultivation
The sugarcane expansion fields, mapped for the 2008/09 crop year, were selected to identify the land use cover prior to its cultivation. For this purpose, Landsat-5 images from at least two different dates, acquired during the rainy and dry seasons of 2006, were used to identify the land use prior to the sugarcane plantations in 2007 which became available for harvest in the 2008/09 crop year. This identification was performed by visual interpretation techniques. Five land use cover classes were defined according to Nassar et al. [5] : Agriculture, Pasture, Reforestation, Forest (natural vegetation) and Citrus.
Results and Discussion

Sugarcane Identification
Images from January to February, together with images from March to April, provided the best combination to map the spatial distribution of sugarcane cultivation in the state of Sã o Paulo, which consisted in identifying not only the new cultivated sugarcane fields but also the renovated fields, with year-and-half sugarcane plants, using crop rotation. Images from January to February were particularly favorable to identify the renovated fields once they are usually rotated with summer crops such as soybean or peanut that are quite different from sugarcane and can be easily identified on these images. Images from March to April were favorable to identify the new cultivated sugarcane fields; although they could also be well identified on images from January to February. However, for this period some confusion with corn crop was observed, but this was eliminated with the March to April images when the corn crop senesced and contrasted with the well developed sugarcane fields. Images from the January to February period presented more clouds than images from the March to April period. It was not always possible to acquire cloud free images over the entire state in both periods, but in at least one of them all the land, within the sugarcane production regions, could be observed. Figure 2 .2b it can be observed that these fields were rotated with a summer crop that was seeded at the beginning of the rain season in September/October. Later, in Figure 2 .2c, the fields appear as bare soil or as recently planted sugarcane as shown in Figure 2 .2d where the renovated and high productive sugarcane fields appear well developed and will be available for harvest in the 2009/10 crop year. It is interesting to note that these renovated sugarcane fields, with crop rotation, skipped one harvest year; therefore, it was important to identify them since they were subtracted from the sugarcane area available for harvest in the 2008/09 crop year. For those fields renovated without crop rotation, the sugarcane was planted at the beginning of the rain season and, therefore, they were available for harvest in the 2008/09 crop year. This type of renovation can hardly be identified by remote sensing images; however, this is not a concern since the yearly sugarcane harvest was not interrupted. In summary, Figures 2.1 and 2.2 illustrate the basic procedure of the annual update of the thematic map which consists in both including new sugarcane fields and excluding renovated ones, with crop rotation, that were not harvested in the 2008/09 crop year.
The correct identification and mapping of the entire cultivated sugarcane area for a large region such as Sã o Paulo state is certainly not a trivial activity and there is not a unique recipe that can be used for different regions and crop years. There are a great number of variables that make the sugarcane fields appear in various manners and their identification is often not evident requiring field work and image interpretation experience to accurately map the sugarcane. The 2008/09 crop year was the sixth consecutive year in which our group performed the sugarcane mapping in Sã o Paulo state making the results available on the Internet. The figures from official institutions, responsible for agricultural statistics based on conventional methods, differ to some extent from our figures. However, we are confident that our figures are quite close to reality and that the precision of our area estimation is much more related to the spatial resolution of the Landsat type images and to the scale (1:50,000) in which interpretation was performed than to thematic omission and commission errors. We are currently working to provide map accuracy based on a scientific method. 
Sugarcane Harvest Type
A considerable number of cloud-free or partially cloud-free Landsat type images were acquired over the entire harvest season, from April to December of 2008. This allowed precisely classifying the sugarcane fields harvested with and without straw burning practices in all sugarcane production regions of Sã o Paulo state. It was important to acquire images relatively soon after the harvest event, otherwise the scar of the harvest type became less evident in the images. Rain events and crop management between harvest and image acquisition date were major factors that influenced the correct identification of the harvest type [12] . For example, straw ridging to facilitate ratoon regrowth and/or application of vinasse for soil enrichment can make the identification of the harvest type in the images much more difficult. However, when the harvest event occurred close to the images acquisition date, as illustrated in Figure 3 .1, the harvest type was more than evident. Actually, if the spatial resolution of this image had been high enough, one could even see the machine harvesting this unburned sugarcane field, where the harvested part appears almost white in the image due to the straw carpet that remains after harvesting, while the unharvested sugarcane strips appear in red color. Figure 3. 2 illustrates a sugarcane field that was also harvested without burning practices but its scar is no longer evident due to different agricultural practices and/or climatic conditions that occurred between harvest and image acquisition date. Another example given in Figure 3 .3a shows a harvested field without straw burning. However, if this field could be observed only with the image presented in Figure 3 .3b, a great part of it would have been classified as being harvested with straw burning due to its dark appearance in response to some agricultural practices that removed the straw from the field. Hence, the time elapsed between harvesting and image acquisition may influence the accuracy of the harvest type classification. 1 and 3.3a) and examples of not so evident sugarcane fields harvested without straw burning that appear in greenish color (3.2 and 3.3b) . Dark blue fields that appear in almost all figures are typical of sugarcane harvested with straw burning.
Land Use Change
To illustrate the identification of land use prior to sugarcane cultivation, some examples are presented in 
Ribeirão Preto
Crop year Cultivated area available for harvest (x 1,000 ha) (Table 1) , its distribution is not homogeneous and concentrated mainly in the northern border ( Figure 6 ). The ADRs of Sã o José do Rio Preto and Araç atuba have not only the largest number of sugarcane cultivated areas but also the largest sugarcane expansion (Table 1) . However, their percentages of occupancy are not among the highest, ranging from 21 to 31% (Figure 7a ). Considering that these ADRs are quite favorable for sugarcane production and have a considerable amount of pasture land, they are likely to continue the sugarcane expansion during the next years. By analyzing the results presented in Table 1 and Figure 7a , the ADR of Presidente Prudente is the third largest ADR of sugarcane expansion with a relative low percentage of sugarcane cultivation (11 to 21%). The ADR of Presidente Prudente has similar characteristics to the ADRs of Sã o José do Rio Preto and Araç atuba in terms of potential for sugarcane expansion. Therefore, it is also likely that Presidente Prudente will continue to be among the ADRs with the greatest sugarcane expansion in the near future. Figure 7a illustrates the expansion/renovation ratio of sugarcane area showing that the ADRs of Sã o José do Rio Preto, Araç atuba and Presidente Prudente have relatively new areas of sugarcane with much more expansion than renovation. Conversely, the traditional sugarcane cultivation region of Ribeirã o Preto has three times more renovation than expansion (Table 1 and Figure 7a ). Other traditional sugarcane cultivation ADRs are Franca, Central and Campinas where expansion/renovation ratio is close to one but tends to decrease due to the high concentration of sugarcane, less available land for expansion, and continue renovation of old sugarcane fields.
Harvest Monitoring
Sugarcane harvest monitoring throughout the season of 2008 showed that a total of 3.93 million ha were harvested in the state of Sã o Paulo, representing 88.4% harvesting available areas at the beginning of the season, in April (4.45 million ha; Table 2 ). The unharvested sugarcane area represented 11.6% (Table 2 and Figure 7b) , which, according to UNICA [4] , was the largest unharvested sugarcane area reported in recent seasons; especially for the ADRs located in the southwest part of the State. This yearś large amount of unharversted sugarcane was due, in part, to the lower industry crushing capacity in relation to the sugarcane availability, because many of the new industrial units delayed their start or operated below full capacity. Unexpected and excessive rainfall during the harvest season also contributed to the increased amount of unharvested sugarcane [26] .
Of the total harvested sugarcane in 2008 (3.93 million ha), 49.1% (1.93 million ha) was done without sugarcane straw burning practices, and 50.9% (2.00 million ha) was with the straw burning practice prior to harvest ( Table 2 ) which indicates that burning practices are still widely used in Sã o Paulo state. However, Aguiar et al. [6] reported, also for the state of Sã o Paulo, that during the 2006 season 3.24 million ha were harvested and that 33.5% (1.09 million ha) were harvested without straw burning and 66.5% (2.15 million ha) with straw burning. Comparing the results it can be concluded that from 2006 to 2008 the unburned harvested area increased by 0.84 million ha and the burned area decreased by 0.15 million ha. This is quite a positive result for the Agro-environmental Protocol that intends to gradually cease the practice of straw burning by 2014 in mechanizable areas.
Another positive aspect that will facilitate compliance with the Agro-environmental Protocol is that in 2008 only 3.2% of the sugarcane available for harvest was located in areas with slope >12% and that 96.8% was located in areas with slopes ≤12% (Table 1) . Furthermore, all of the ADRs have at least 92.1% of their cultivated sugarcane in areas with slope ≤12% (Table 1) . During the 2008 harvest season, 1.92 million ha were harvested with straw burning practice in areas with slope ≤12% and only 84.5 thousand ha were harvested with straw burning in areas with slope >12% (Table 2) . Therefore, the slope factor is not limiting the harvest mechanization. a = ratoon sugarcane, or regrowth after each harvest; b = renovated sugarcane with year-and-half plant in previous crop year; c = expansion sugarcane to be harvested for the first time; d = total available sugarcane for harvest (a + b + c); e = total available sugarcane for harvest by slope; f = sugarcane area under renovation with year-and-half plant (not yet available for harvest). [a] (%) [a/(a+b] (ha) [b] (%) [b/(a+b] (ha) [c] (%) [c/(a+b+c] (ha) [d] (%)
(ha) [e] (%)
[e/(d+e)]
(ha) [f] (%)
(ha) [g] (%)
(ha) [i] (%) [ According to Lara et al. [27] , about 20 metric tons of dry sugarcane material is burned per ha, contributing with about 0.48 Tg of carbon per year to global emissions. According to Soares et al. [28] , sugarcane harvest without straw burning reduces the emission of greenhouse gases for a total of 1.72 metric tons of carbon dioxide (CO 2 )-equivalent per ha which corresponds to almost 80% of the total greenhouse gases emission of the harvest process performed with straw burning. Thus, assuming that the mechanizable areas will have achieved the Agro-environmental Protocol by 2014 and that new sugarcane planted areas will be harvested without burning, then 3.30 million metric tons of CO 2 equivalent per year will no longer be released into the atmosphere. Considering that 2.00 million ha were mechanically harvested in 2008, without straw burning (Table 2) , it can be estimated that about 3.32 million metric tons of CO 2 equivalent were saved from being released into the atmosphere due to the harvest without straw burning.
According to Table 2 , the ADRs that harvested the most without burning, in relation to its total area, were Presidente Prudente (59.9%-146,364 ha) and Araç atuba (55.4%-216,530 ha). This can be partially justified due to the fact that these ADRs have more than 99% of its cultivated sugarcane in mechanizable areas ( Table 1 ). The ADRs of Bauru and Marí lia presented the highest percentages of burned sugarcane area although slope cannot be considered a limiting factor for mechanical harvest in these ADRs since more than 96% of cultivated sugarcane is located in slopes ≤ 12%. A major reason responsible for the high percentages of mechanical harvest without straw burning in some regions is that the latest investments in the sector must consider environmental regulations such as the Agro-environmental Protocol. In more traditional regions the producers have to adapt and this is a gradual process. Remote sensing images that can monitor the harvest process are a key element to evaluate the effectiveness of the measures to reduce and eventually cease the straw burning harvest procedure.
The spatially distributed information on the sugarcane harvest type (see ADR of Ribeirã o Preto in Figure 6 ) is an important data source for studies on the effect of sugarcane straw burning on respiratory illnesses [29, 30] . Currently, such studies have used data from fire outbreaks provided by INPE (http://sigma.cptec.inpe.br/queimadas). However, these data are general and do not specify which land use cover the outbreaks come from nor their precise geographical position. Table 1 and Figure 7c show the results of direct land use change in response to sugarcane planted in 2007 and available for harvest for the 2008/09 crop season. For the entire state, 56.5% of the expanded sugarcane area occurred over pasture land and 40.2% over agricultural land with annual summer crops. Other classes of land use (citrus, forest or natural vegetation, and reforestation) prior to sugarcane represented altogether 3.24%. In Figure 7c it can be noticed that the ADRs located towards the north-western part of the state had the most significant sugarcane expansion with most of it over pasture land, while the ADRs located towards the north-eastern part of the state had less sugarcane expansion with a significant part of it over agricultural land. However, the figures for sugarcane expansion over agricultural land should be analyzed carefully since the conversion of pasture land to sugarcane is often a process that takes more than a year. It is often observed that a pasture field is converted to an annual summer crop before sugarcane is planted [13] . In this case, according to the method used in this work, the sugarcane expansion is computed as being over agricultural land when it is actually over a pasture land. Further studies using a wider range of multi-temporal images should be carried out to address the process of land conversion under a broader time frame.
Direct Land Use Change
The ADRs of Araç atuba, Presidente Prudente and Sã o José do Rio Preto presented the largest sugarcane expansion and also the largest conversion of pasture land to sugarcane (Table 1 and Figure 7c ). Together they accounted for 62% of the pasture land converted to sugarcane in the state of Sã o Paulo. In these regions extensive livestock used to be the adopted farming system. However, many farmers have changed this farming system to a more intensive livestock making more land available for sugarcane production [31] . In the ADRs of Araç atuba and Presidente Prudente the sugarcane expansion on pasture land was 74.3% and 76.8%, respectively (Figure 7c) .
The ADRs of Sã o José do Rio Preto, Barretos and Franca had the largest amount of agricultural land replaced by sugarcane (Table 1) , accounting for 52% of total agricultural land converted to sugarcane in the state. Barretos and Franca had, respectively, 84.8 and 88.3% of their sugarcane expansion areas over agricultural land (Figure 7c ). These two ADRs have a long history on agriculture and livestock activities which are being intensified with the expansion of sugarcane cultivation. The ADR of Sã o José do Rio Preto is mainly known as a major livestock region but also has significant production of coffee, cotton, corn and fruit [32] . Significant sugarcane expansion has been observed in this region over recent years (http://www.dsr.inpe.br/canasat) and in 2008 it presented the largest sugarcane expansion area.
Conclusions
The Landsat type images were highly suitable for mapping and evaluating the rapid expansion of sugarcane areas in Sã o Paulo state from 2003 to 2008 when an additional area of 1.88 million ha of sugarcane was cultivated to meet the increaseing demand of ethanol to supply fuel to flex automobiles.
Sugarcane harvest monitoring using remote sensing images proved to be a viable procedure to identify sugarcane harvested either with or without straw burning practices showing that currently 50% of the sugarcane area was harvested without straw burning indicating that the Agro-environmental Protocol has been efficient at reducing sugarcane straw burning.
Finally, remote sensing images were essential in assessing the direct impact on land use change due to the large expansion of sugarcane cultivation showing that sugarcane expands almost exclusively over pasture land and annual agricultural crops with almost 50% of expansion each.
